Gravitropic orientation and the elongation of etiolated hypocotyls are both regulated by red light through the phytochrome family of photoreceptors. The importance of phytochromes A and B (phyA and phyB) in these red light responses has been established through studies using phy mutants. To identify the roles that phytochromes play in gravitropism and elongation of roots, we studied the effects of red light on root elongation and then compared the gravitropic curvature from roots of phytochrome mutants of Arabidopsis (phyA, phyB, phyD and phyAB) with wild type. We found that red light inhibits root elongation approximately 35% in etiolated seedlings and that this response is controlled by phytochromes. Roots from dark-and lightgrown double mutants (phyAB) and light-grown phyB seedlings have reduced elongation rates compared with wild type. In addition, roots from these seedlings (dark/lightgrown phyAB and light-grown phyB) have reduced rates of gravitropic curvature compared with wild type. These results demonstrate roles for phytochromes in regulating both the elongation and gravitropic curvature of roots.
Introduction
To optimize their growth, plants are constantly adjusting their architecture in response to a variety of environmental stimuli including light and gravity. In seedlings, primary roots grow away from light and downward into the soil where water and nutrients are available, and shoots grow upwards, towards light for maximal photosynthesis (Hangarter 1997) . Two methods plants use to adjust their form in response to gravity or light are through differential growth (i.e. a tropism) and the modulation of mid-line elongation of their organs. The mechanism by which plants switch from mid-line elongation to differential growth is through the redistribution of the plant phytohormone auxin (Muday 2001) . In vertically oriented plants, auxin moves in a polar manner from the shoot meristem towards the root apex where it then travels from the root apex back towards the base of the roots. According to the Cholodny-Went hypothesis, tropisms in plants are caused by the lateral redistribution of auxin (Went and Thimann 1937) . This redistribution of auxin involves the relocalization of auxin carrier proteins using the cytoskeleton network (Friml et al. 2002 , Noh et al. 2003 , Blakeslee et al. 2004 ). In the case of root gravitropism, the relocalization of an auxin efflux carrier protein (i.e. PIN3) to the lower side of root cap cells after reorientation can occur within 2 min (Friml et al. 2002 , Moore 2002 ) with detectable curvature beginning in 5 min (Evans and Ishikawa 1997) . Recently, the relocalization of an auxin efflux carrier (PIN1) in blue light-induced phototropism was shown to be regulated by the blue light photoreceptor, phot1 (Blakeslee et al. 2004 ). The roles of this and other photoreceptors in the relocalization of other PIN proteins are largely unknown.
Because both gravity and light can influence redistribution of auxin simultaneously, there are interdependencies between the signaling pathways of these two stimuli (Correll and Kiss 2002) . For example, light signals can modulate the gravity-induced responses of plants, and, conversely, gravity can influence the way plants respond to light stimuli. Hypocotyls of etiolated Arabidopsis seedlings have normal gravitropic orientation (i.e. they grow upwards), but, for seedlings grown in continuous red or far-red light, hypocotyls show agravitropic orientation (i.e. they grow in a random direction; Liscum and Hangarter 1993 , Poppe et al. 1996 , Robson and Smith 1996 , Hennig et al. 2002 . The agravitropic response of hypocotyls in red or far-red light may represent a mechanism for plants to turn off their gravitropic response and focus more energy into other light-regulated processes (Hangarter 1997) . Red and far-red light can also modulate the gravitropic response for roots. For example, some cultivars of rice crown roots and maize roots grow horizontally in the dark; however, when grown in continuous red or far-red light, the roots grow downward (Lu et al. 1996 , Takano et al. 2001 . Plants may also use the red/far-red light as a mechanism to change their root gravitropic responses to ensure proper root orientation. In addition to inducing differential growth in response to light, seedlings adjust their mid-line elongation rates, particularly for hypocotyls, to various wavelengths of light Chory 1998, Parks et al. 2001) . Therefore, plants must coordinate their mid-line elongation and tropic curvature in response to light by correctly interpreting the network of signals coming from their various photoreceptors (Whippo and Hangarter 2003, Blakeslee et al. 2004 ).
The primary photoreceptors involved in regulating the red/far-red light-induced responses are the phytochrome pigments. In Arabidopsis, the phytochrome family has five members (phyA-E) that can be separated based on amino acid sequence similarity into two main subfamilies, phyA/C and phyB/D/E (Clack et al. 1994, Matthews and Sharrock 1997) . Phytochrome A is a light-liable phytochrome that predominates in dark-grown tissues whereas phyB is light stable and predominates in light-grown tissue. The other phytochromes (phyC, phyD and phyE) are also light stable and have complex overlapping and differential roles relative to phyA and phyB (Franklin et al. 2003 , Monte et al. 2003 . Through the use of various phytochrome mutants, researchers have been studying the roles that individual phytochromes play in organ elongation and light-regulated gravitropic orientation for a variety of plant species. For far-red light-regulated processes, phyA is the primary photoreceptor involved in modulating the gravitropic responses of roots from corn and maize and the gravitropic orientation and inhibition of elongation of Arabidopsis hypocotyls (Parks and Spalding 1999 , Takano et al. 2001 , Hennig et al. 2002 . For red-light-regulated processes, both phyA and phyB are involved in modulating the gravitropic responses of maize roots and the gravitropic orientation and inhibition of elongation of Arabidopsis hypocotyls (Liscum and Hangarter 1993 , Lu et al. 1996 , Poppe et al. 1996 , Robson and Smith 1996 , Parks and Spalding 1999 . The other phytochromes (phyC, phyD and phyE) are also involved in regulating hypocotyl elongation in red light and have complex overlapping and distinct functions in this process, although the role they play in gravitropic orientation is unknown (Neff et al. 2000) . Therefore, although the roles of phytochromes in both elongation and gravitropic orientation of hypocotyls are well studied, little is known about their roles in coordinating these responses for roots. Here, we investigate the roles phytochromes play in root growth and gravitropic curvature by comparing these responses from phytochrome mutants relative to wild-type (WT) plants.
Results

Red light effects on root elongation
To determine the effects of red light on root elongation, we measured root elongation of dark-grown seedlings with high-resolution image analysis (using infrared illumination at 940 nm) and compared these results with the elongation rates of roots during illumination with continuous 10 µmol m -2 s -1 of red light (660 nm). An example of a typical experiment is shown in Fig. 1 . Each plot starts with an arbitrary length that is selected using the edge-detecting algorithm in the software program, and the software monitors the length of the root from the initial selection point until the end of the treatment period. In this case, the rate of elongation (i.e. the slope of the line) of the root decreased 30% during the red light treatment (Fig. 1a) . This reduction in elongation of roots induced by red light con- Fig. 1 Examples of data collected from a typical experiment using imaging software (infrared imaging) for root elongation in 4-day-old wild-type roots of Arabidopsis (Ler; see Mullen et al. 1998 (Fig. 1b) .
To determine whether the reduced elongation in roots resulted from light signals perceived by and transmitted through hypocotyls, we conducted experiments on plants that had their roots or shoots (hypocotyls) covered during the red light illumination (Fig. 2) . The root-and shoot-covered plants showed reduced inhibition in elongation compared with control seedlings that were uncovered (Fig. 2) . Root-covered plants had ∼5% inhibition of elongation of roots in red light compared with ∼20% inhibition for shoot-covered seedlings and ∼35% inhibition for uncovered plants. Roots from shootcovered plants still had a reduced inhibition in elongation compared with roots from uncovered plants, suggesting that there is some signal that is sensed by the hypocotyl and transferred to the root. However, in cases where the root was covered, the inhibition in root elongation was only 5%, suggesting that the transfer of light signals from the hypocotyls to roots is not occurring or is minimal.
The role of phytochromes in root elongation in red light
Because the elongation of roots was affected by red light, we studied the roles of phytochromes in this process. For baseline studies, we first compared the elongation rate of roots from dark-and light-grown seedlings of phytochrome mutants (phyA, phyB, phyD and phyAB) with WT plants (Fig. 3) . The root elongation rate was reduced in dark-grown plants compared with roots from light-grown plants for all of the five plant strains tested (Ler, phyA, phyB, phyD and phyAB), although significant differences between light-and dark-grown elongation rates were found for roots from WT (Ler) and phyD (P < 0.05; Fig. 3 ). Comparisons among root elongation rates of all strains studied showed that roots from phyAB mutants were significantly reduced in their elongation rates compared with the elongation rates of the corresponding light-or dark-grown WT roots (P < 0.05; Fig. 3 ). Roots from light-grown phyB were also reduced in their elongation rate compared with the elongation rate of roots from light-grown WT (P < 0.05; Fig. 3 ). Root elongation rates from phyD were similar to WT for both darkand light-grown seedlings (Fig. 3) . Thus, results from these studies suggest that phyA and phyB are involved in the elongation of roots (Fig. 3) . In addition, since we observed different phenotypes in roots from the phyAB mutants grown in the dark compared with WT (Fig. 3) , these results indicate that the inactive form of phytochrome (Pr) may be involved in root growth.
To determine the specific roles of phyA and phyB in regulating the inhibition of root elongation in red light, we compared this response in roots from WT and phytochrome mutants. Roots from dark-grown phyA, phyB, phyD and phyAB seedlings had ∼20% inhibition in elongation during the red light treatment compared with the 35% inhibition found in WT roots (Fig. 4) . The effect of the reduced inhibition from the phy mutants was not additive as the response of the double mutant was similar to each of the single mutants (Fig. 4) . Although all grown wild-type and phytochrome mutants using imaging software. A single asterisk indicates a statistical difference (P < 0.05) between the dark-and light-grown root elongation rates for the same genetic line. A double asterisk indicates a statistical difference (P < 0.05) between the root elongation rate of the mutant and the corresponding control (i.e. dark-or light-grown Ler). Bars represent the mean ± SE (n ≥ 5). of the phytochrome mutants that we studied had reduced percentages of inhibition in root elongation in red light compared with WT (20 vs. 35%), they did have significant inhibition (Fig. 4) , suggesting that phyC and phyE may also be involved in modulating this response.
The role of phytochromes in root gravitropism
The gravitropic orientation of roots for a variety of plant species is directly controlled by light (Lu et al. 1996 , Lu and Feldman 1997 , Takano et al. 2001 ; however, for Arabidopsis, primary roots grow downward even in darkness (e.g. Kiss et al. 1996) . Due to the robust gravitropic response of Arabidopsis roots, we compared the rate of gravitropic curvature of roots from light-and dark-grown phytochrome mutants (phyA, phyB, phyAB and phyD ) with the rate of the gravitropic curvature of roots from light-and dark-grown WT. For both dark-and lightgrown seedlings, the roots from phyAB had the slowest rate of gravitropic curvature, although these values were significantly different from WT roots only for the time period of 2 h postreorientation for dark-grown seedlings and time periods 2, 8, 12 and 24 h post-reorientation for light-grown seedlings (P < 0.05; Fig. 5 ). The curvature of roots from light-grown phyB seedlings was also significantly reduced compared with WT for the time periods of 8, 12 and 24 h post-reorientation, although roots from dark-grown phyB curved at rates similar to WT (Fig. 5b) . Roots from phyA and phyD seedlings showed similar gravitropic responses to WT for both dark-and light-grown roots.
To study gravitropism in the phyA and phyB backgrounds with a more sensitive assay, we used a novel technique to assay the gravitropic response of the phytochrome mutants and WT (Mullen et al. 2000) . This technique involved using a feedback system and a rotating stage that can keep the root tip constrained to a particular angle. The rotation of the stage, which is necessary to constrain the orientation of the root tip, corresponded to the curvature response in the roots. In our studies, we constrained the root apex to 90° (horizontal), which allowed us to study root gravitropism without the complications of a constantly changing direction of the gravity stimulus. The gravitropic response of the different strains of roots can be summarized with the feedback system based on the rate of curvature in light-grown roots as: phyA > Ler > phyB > phyAB (Fig. 6 ). These results are very similar to those obtained from single-reorientation experiments (Fig. 5b) , although with this system we can see an earlier time of initial curvature in phyA roots compared with WT and a delayed curvature response in phyB and phyAB roots. Interestingly, roots that elongated at the slowest rates (i.e. phyB and phyAB; Fig. 3 ) also had the slowest rate of gravitropic curvature (Fig. 6) .
To compare the rate of gravitropic curvature with the elongation of the roots, we measured root elongation of light-grown roots (Ler, phyA, phyB and phyAB) for ∼1 h (vertical orientation) and compared this elongation rate with the rate of gravit- Fig. 5 Root gravitropism in Ler (wild type) and phytochrome mutants of dark-grown (A) and light-grown (B) seedlings. After the initial 24 h pre-germination light treatment, seedlings were grown in the dark or in white light (70 µmol m -2 s -1 ) for 3 days prior to reorientation in the dark (mean ± SE; n = 28-79). The asterisk indicates statistical differences (P < 0.05) compared with wild type (Ler) at the corresponding time points. Phytochromes, root elongation and gravitropism 321 ropic curvature as measured on the feedback system. Root elongation measurements were conducted ∼2 h before reorientation on the feedback system to ensure that our roots were growing straight before gravistimulation. The rate of curvature was calculated from feedback results (i.e. the slope of the line) from 30 min after reorientation until the end of the experiment (at least 6 h). There was a positive correlation of root elongation (vertical) with the subsequent gravity-induced curvature response (Fig. 7) . Roots that elongated the slowest (i.e. phyB and phyAB) also had the slowest rates of curvature. However, for faster elongating roots, a maximal rate of curvature (∼10° h -1 ) was found (note the non-linearity of the response; Fig. 7) . Therefore, the gravitropic responses of roots from the phy seedlings may be a consequence of their altered elongation rates relative to WT.
Discussion
Image analysis has been used extensively to study the growth dynamics of hypocotyls illuminated with various wavelengths of light (Parks and Spalding 1999 , Monte et al. 2003 . Here, we used custom-designed imaging software (Mullen et al. 1998) to detect an inhibition in the elongation rate of etiolated roots illuminated with red light (Fig. 1-4) . This inhibition in elongation in roots continued for at least 3 h of red light treatment (Fig. 1) . We have shown roles for both phyA and phyB in this response and suggest roles for phyC, phyD and/or phyE as well (Fig. 4) . These same phytochromes (phyA and phyB) are also involved in regulating the inhibition of hypocotyl elongation in red light, with phyA playing a predominant role in the first 3 h of red light treatment, with increasing roles for phyB after the 3 h period Spalding 1999, Parks et al. 2001) . In our studies, we did not measure the effects of red light on root elongation after a 3 h period, so it is possible that phyA and phyB also regulate root elongation in red light in a longer term time-dependent manner. Since the same phytochromes are involved in regulating a variety of growth responses, the coordination of these responses is very complex. Plants may first slow their mid-line elongation rates in both roots and hypocotyls to focus more energy into cotyledon expansion and the greening process. Another possibility is that plants reduce their mid-line elongation to allow for a faster switch to differential growth in response to changes in the direction of illumination. This mechanism may explain how the pre-treatment of etiolated hypocotyls with red light enhances blue light-induced phototropism (Hangarter 1997) .
Indeed, phototropism in hypocotyls is divided into two stages; the first stage is decreased mid-line elongation and the second is the initiation of bending through differential growth (Parks et al. 2001) . The process of switching from one stage to the next is probably through redistribution of the hormone, auxin, from basipetal transport to lateral transport by means of re-locating auxin carrier proteins, i.e. PIN proteins (Blakeslee et al. 2004) . The time to relocalize the auxin carrier proteins in response to light may cause the initial reduced mid-line elongation rate of organs and the subsequent delay in phototropic curvature (Blakeslee et al. 2004 ). The blue light photoreceptors, the cryptochromes and phototropins, are involved in regulating these stages of phototropism with a direct link between auxin carrier proteins and phot1 (Whippo and Hangarter 2003, Blakeslee et al. 2004 ). Similar to blue light-induced phototropism of hypocotyls, red light-induced phototropism in roots may also be divided into two stages. Curvature of Arabidopsis roots exposed to unilateral red light begins ∼2 h after the start of illumination (Kiss et al. 2003) . Therefore, roots may first reduce mid-line elongation in red light (during a lag phase) in preparation for the differential growth response to light.
In contrast to the lag phase associated with phototropism, gravitropism can occur within 5 min after reorientation of a plant Ishikawa 1997, Moore 2002) . In addition, the relocalization of the auxin efflux carriers, PIN3, in root columella cells occurs within 2 min after reorientation (Friml et al. 2002) . Therefore, unlike phototropism, it is likely that there is a very short (or no) period of inhibition in mid-line elongation prior to gravitropic curvature. Interestingly, in our studies, we found that roots that had the slowest rate of mid-line elongation (Fig. 3 ) also had reduced curvature and the longest lag phase in gravitropic responses (Fig. 5-7) . Therefore, phytochromes may have a role in regulating root gravitropism through the elongation process and not a direct effect of modulating the gravity signaling cascade. However, these results are based on only two genotypes that had reduced root responses (phyB and phyAB), and phyA and phyB may be directly involved in regulating the gravitropic responses (note the long lag phase; Fig. 6 ) as well as altering elongation. In hypocotyls, phytochromes simultaneously modulate the gravitropic response and elongation (Liscum and Hangarter 1993 , Poppe et al. 1996 , Robson and Smith 1996 , Devlin et al. 1999 , Franklin et al. 2003 . Studies of the correlation between root elongation Fig. 7 Curvilinear relationship between the elongation rate of roots prior to gravistimulation (vertical) and the rate of gravitropic curvature using a feedback system (t > 30 min). The equation of the line is y = -0.001 × and gravitropic curvature with a variety of strains will help resolve this issue. In addition, analyses on the distribution of the various auxin carrier proteins in the phytochrome mutants may prove useful in determining how the elongation processes and tropisms are correlated.
The finding that phyAB roots elongated at slower rates compared with WT for plants grown in the dark was surprising (Fig. 3) . These results suggest possible roles for the inactive red-absorbing form of phytochrome (Pr) in root elongation. However, it is more likely that our pre-germination light treatment (24 h) may be affecting the form of the phytochrome or some downstream signal in the root elongation cascade. Recent evidence has shown that pre-germination light does affect hypocotyl elongation through the phytochrome signaling cascade (Magliano and Casal 2004) . For light-grown seedlings, roots from both phyB and phyAB mutants have reduced elongation rates compared with WT (Fig. 3) . Previous studies have shown no difference in growth between light-grown phyB and WT (Kiss et al. 2003) . However, these studies measured growth for a shorter duration of time (<1 h) compared with the present studies (>1 h), and subtle growth differences may only be detected over longer durations of growth.
The light-regulated processes in hypocotyls have been studied extensively; however, for roots, our understanding of these processes is limited. Roots are able to sense and respond to light, and the phytochromes as well as other photoreceptors are present in roots (Okada and Shimura 1992 , Somers and Quail 1995 , Kiss et al. 2003 . In addition, phytochromes are involved in the development of root hairs (De Simone et al. 2000) , the orientation of lateral roots and the regulation of root elongation ( Fig. 1-4) . In woody plants, light can travel long distances from stems to roots through the vascular tissue, with the far-red wavelengths of light being conducted the most efficiently (Sun et al. 2003) . Light that is intercepted from above-ground portions of the plant may travel to the root to induce root photomorphogenesis, with the majority of these responses probably controlled by phytochromes. For other processes, the light signal is sensed primarily by the photoreceptors in the root ( Fig. 2 ; see also Kiss et al. 2003) .
The mechanisms by which roots coordinate their responses to light and gravity are very complex and include overlapping and discrete signal transduction pathways (Correll and Kiss 2002) . Here, we found that phytochromes are involved in regulating both root gravitropic curvature and growth. Detailed analyses on elements downstream in the signaling cascade of the light-and gravity-regulated processes, including studies on the auxin carrier proteins, should provide new insight into how growth and tropisms are correlated throughout plant development.
Materials and Methods
Plant material and culture conditions
Seedlings of Arabidopsis thaliana of the Landsberg erecta (Ler) ecotype were used in these studies. The mutants were phyA-201, phyB-1, phyA-201phyB-5 and phyD-1 as described by Hennig et al. (2002) and Devlin et al. (1999) . Seeds were surface sterilized in 70% (v/v) ethanol and 0.002% (v/v) Triton X-100 for 5 min, then quickly rinsed in 95% (v/v) ethanol. Seeds were then rinsed four times in sterile double-distilled water. For the standard reorientation experiments, seeds were sown on to a pre-sterilized cellulose film that was placed on top of solidified medium containing one-half strength Murashige and Skoog salts with 1% (w/v) sucrose and 1 mM MES (pH 5.5) in 1.2% (w/v) agar in square (100×15 mm) Petri dishes. The dishes were sealed with Parafilm and placed on edge so that the surface of the agar was vertical. Seedlings were grown for 1 day in white light (70 µmol m -2 s -1 ) obtained from 34 W cool-white fluorescent lamps to promote germination. Petri dishes were then either transferred to the dark (darkgrown) or remained in the light (light-grown) for 3 days at 23°C. For gravitropism studies, dishes were moved to the dark and rotated 90°. Photographs of the seedlings were taken in low fluence of green light (0.8 µmol m -2 s -1 ) at t = 0, 2, 4, 8, 12 and 24 h of unilateral light or reorientation. For experiments using the feedback system (rotating stage), seedlings were sown directly onto the nutrient medium.
Measurements of organ elongation rates and curvature
Root elongation was measured using the digital imaging system described by Mullen et al. (1998) . Roots were imaged with infrared illumination (940 nm LED, Radio Shack) and a CCD camera interfaced to a PC with a frame grabber board (Imagenation, Beaverton, OR, U.S.A.). Root length was measured by edge detection algorithm every 45 s (Mullen et al. 1998) . Roots from either light-or dark-grown seedlings were measured for at least 1 h prior to subsequent treatments (i.e. red light or gravistimulation). For red light treatments, dark-grown seedlings were illuminated with a red light-emitting diode (catalog no. 276-309, Radio Shack, Fort Worth, TX, U.S.A., 660 nm) at ∼10 µmol m -2 s -1 , and the elongation in red light was measured for at least 2 h. For experiments in which the shoot or root were covered, unilateral red light was blocked by inserting black foil in the agar adjacent to the organ.
For standard reorientation experiments, images were digitally captured from film and analyzed using the image analysis program Image-Pro Plus (version 4.5; Media Cybernetics, Silver Springs, MD, U.S.A.). Curvature was defined as the change in angle from the starting point (i.e. 90° from the gravity vector). Organs that curved in the direction of the gravity vector were assigned positive angles, and organs that curved away from the direction of the gravity vector were assigned negative angles. Organs that deviated >20° from the gravity vector at the start of the experiments were excluded from these studies (Kiss et al. 1996) . Experiments were repeated at least three times and values are reported as the mean ± SE.
Feedback system for gravitropism
The seedling to be observed using the feedback system was first repositioned so that its root tip was at the center of the Petri dish (center of rotation). All seedlings used in the feedback system were light grown (described previously). Plants were repositioned by placing forceps under the hypocotyl or cotyledons, lifting slightly, and sliding the plant along the agar surface. Repositioned seedlings were allowed to equilibrate for 12-15 h before gravistimulation by reorientation. At the time of gravistimulation, the Petri dish containing the seedling was reoriented so that the root tip was 90° from vertical. In all gravitropism figures, 0 h represents the time at which the seedlings were reoriented. This computer feedback system was used to constrain the root tip angle to the 90° position during gravity stimulation as described by Mullen et al. (2000) and modified by Kiss et al. (2003) . In brief, roots were positioned on a rotateable vertical stage (catalog no. RT-3S17, Nutec Components, Deer Park, NY, U.S.A.) with individual steps of the motor corresponding to 0.17°. The stage was connected to a PC, and the stepper motor was controlled by custom software. Roots were imaged every 45 s using infrared illumination and a CCD camera. The software analyzed the images and, if the root tip deviated from 90°( horizontal), the software activated the stepper motor to make corrections to the rotating stage to constrain the tip segment of the root to 90°. The software recorded the rotation of the stage, and this value is termed 'rotation' in the text and figures of this paper.
Statistical analyses
Statistical differences in the tropism responses were determined by analysis of variance (ANOVA) followed by a Tukey's test (P < 0.05). Where criteria for an ANOVA were not met, a Kruskal-Wallis ANOVA on Ranks was performed followed by Dunn's method (P < 0.05).
